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SUWIARY 

A brief theoretical treatment is given of the problem of 

calculating the rise in total temperature of a gas which flows through 

an electrically-heated tube. The theoretical relations obtained are 

then used to guide the analysis of the results of the experimental 

development of a graphite resistance heating element in a hypersonic 

wind tunnel which uses nitrogen as the test gas (see Parts I and II). 

The analysis indicates that certain simple empirical relations may be 

used to provide a basis for the assessment of heater performance. 



DEVELOPMENT OF A GRAPHITE RESISTANCE HEATER 

FOR A HYPERSONIC WIND TUNNEL. USING NITROGEN 

Part   III:    Analysis of Heater Performance 

|.     INTRODUCTION 

Part   I of this report  (Reference  I)  describes a pilot 

hypersonic wind tunnel which uses nitrogen as the working gas, and 

Part   II   (Reference   I)  describes qualitatively the development of a 

graphite resistance element  for heating the nitrogen.     In this 

Part   III, a more detailed description   is given of the analysis of 

the performance of the heater and a selection of results  from the 

experimental program  Is presented. 

From the point of view of the  final element as a component 

of a wind tunnel,   it   is necessary only to have a graph of the vari- 

ation of gas total temperature with current for selected values of  gas 

total  pressure  in order to summarize the heater performance.    However, 

in  the present system the gas total  temperature  is not measured 

directly but  is obtained using a method based on the measurement of 

mass  flows, and this has   led to a great deal of scatter and non- 

repeatablIity  in such simple performance plots  (Reference   I).    Further, 

in view of the extreme conditions of  temperature and pressure which 

exist together with high electric currents within a very compact 

element geometry, comparatively  few physical measurements can be 

made with ease  In the   Immediate vicinity of the graphite element. 



The performance must, therefore, be described on the basis of the 

limited information contained in measurements of the Inputs and outputs 

of the system. For these reasons, a simplified theoretical investigation 

Is undertaken to provide at least a guide to the interpretation of the 

experimental test results. 

In Section 2, an idealized heating system Is considered and 

certain theoretical aspects of it are treated briefly. Then In 

Section 3, the experimental results obtained with the actual heating 

system used in the pilot nitrogen tunnel are analyzed on the basis of 

the theoretical formulae . The results of the analysis are used in 

Section 4 to produce comparable performance curves for two hypothetical 

idealized heating elements. Some concluding remarks are made in 

Section 5. 
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2.    THEORET ICAL CONS IDERAT!ONS 

2.1     Idealised heating system 

The primary purpose of these theore+ical   considerations   is 

to provide some guidance to the analysis of experimental   results. 

We consider the following   Idealised heating system.    A hearing 

element   is constructed from a pure   impermeable material   in  the 

form of a straight cylindrical   tube of  circular cross-section. 

At room temperature there   is an adiabatic  forced-conve :t ion  flow of 

a pure   inert thermally-perfect  gas through the elemen4;   this   is 

called the "cold  flow11.    The mass  flow of gas   is controlled  by a 

sonic orifice external  to the element.    An alternating electric 

current of  fixed amplitude  is passed through the element which 

constitutes a wholly resistive   load.    The total  temperature of the 

gas at the entrance to tht element   is maintained at roo, i temperature, 

and the entrance to and the exit of  the element and the orifice are 

maintained at room temperature also.    The gas total  temperature and 

the gas total pressure do not vary between the exit of  the element 

and the orifice, and the gas total  pressure at the orifice   is con- 

trolled  to be constant at   its value   in the cold  flow.    The element 

is surrounded by a perfectly efficient radiation shield. 

It  is required to  find the relation between the total 

temperature of the gas at  the exit of the element  (and  hence at 

the orifice) and the applied current,   in terms of the relevant 

properties of the element material,  the element geometry,   the gas 

and the cold flow.    A more comprehensive requirement would be  for 

the detailed solution of the steady  flow of gas through the element 

- 3 



under the heating conditions   imposed by the application of the 

constant  current.    However,  for the present purpose  it   is  necessary 

to possess only sufficient details of the  internal  flow to enable 

a formula  for the gas total  temperature to be deduced. 

We denote the gas total  temperature by T-j. and the current 

by   i.     In non-dimensional   form,  the   independent variable   is taken 

to be     K>      defined by 

> ro'2 
K     =■   CD 

m0CpoT0 

where r0, m0 and Cp are the values of the resistance of the element, 

the mass flow of gas and the specific heat of the gas at room 

temperature, T0; the principal dependent variable is taken to be T 

defined by 

T  =—L-2- (2) 

To 

2.2 External energy balance 

The external energy balance states that the electrical power 

supplied to the element is equal to the sum of the rate of heat addi- 

tion to the gas and the rate of external heat loss; there is no 

external work done. 

2 
The electrical power supplied to the element is ri where r 

is the resistance of the element when the current i is passing; we 

introduce the non-dimensional quantity  ^  defined by 

- 4 - 



ri2 X    =   (5) 
m ,oCp0To 

The rate of heat addition to the gas is the increase of 
•i 

total  enthalpy per unit time,  namely m(h+-h0)  where m   is the mass 

flow when the current  i   is passing and   (h|-h0)   is the   increase of 

the specific total  enthalpy of the gas  from the entrance to the exit 

of  the element;  we  introduce the  non-dimensional  quantity    (A 

defined by 

m(h+-h0) 
H =   !  

m0CpoT0 (4) 

Now the mass flow is given (see Part I) by the formula 

rA*p+ 
m =    -.     , (5) 

(RT+)* 

where A*  is the orifice area,,  p-f   is the total  pressure at  the 

orifice,  R is the gas constant  for unit mass and   T is a 

factor which   is taken to be effectively constant numerically.    The 

cold mass flow  is, therefore. 

T  A* p+ 
mo = 0    To (6) 

(RTQ)* 
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The total   pressure p^.   Is controlled to be equal  to p|    for any 

current, and   it   is assumed that the orifice area does not change 

with gas temperature,  that  Is we take 

A*    =   A* (7) o 

Hence it to I lows that 

i 

m0        T+ 
1  * Jo. = (,+ T)-i (8) 

Also, for a thermally-perfect gas, the quantity (h-f-h0)/cD T0 is a 
^o 

function of  T only, and for the range of temperatures of interest 

we may assume that it can be represented analytically by the formula 

(ht-h0) 
T  (1+kT)  , (9) 

CPoT° 

where k is a small constant which represents the departure of the gas 

from a calorical ly-perfect gas; a study of the enthalpy of nitrogen 

(from the data of Reference 2) leads to the choice k * 0.0185 with 

T0 = 530
oR., for this gas. Therefore, it follows that for a 

given gas p, depends on T  only and can be calculated once and for 

all as a function of  T : 

i 

^ = (1+ T)"i T (l+k T )    ; (10) 

the variation of \x   with T for nitrogen is shown in Figure I. 
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The rate of external heat loss is given, in the absence of 

losses due to radiation, by the rate at which heat is conducted away 

from the ends of the element; introducing the non-dimensional quantity 

"    defined as the rate of external heat loss divided by m0Cp T0, 

we have 

t QAE 
mocp0

To 

dT,: 

dx 
-h 

x«o 

dTr 

dx x= 
(II) 

1 where   >o       is the thermal conductivity of the element material at 

room temperature*, Ag is the cross-sectional area of the element (not 

ncludinc 

dTE/dx 

ITE/C dxj  x_.0 and the area of the gas passage),  and 

x_fc are the temperature gradients a'ong the element at 

the entrance and the exit;  the   length of the element   is denoted by 

and x denotes distance along the element  from the gas entrance.    We 

assume that the element temperature Tg   increases  from TQ a+ the gas 

entrance to a maximum Tc       and then decreases to T0 at the gas exit. 
■^rnax 

By introducing the non-dimensional quantities Tr,  Lr   and s 73 ^ t-   tmax    ? 

defined by 

TE-To 
TE *       . (12) 

-rrax 

TE  -To I:max 0 

To 
(13) 

I = I 
(14) 

* For graphite, there exists a rough but useful relation (Ref. 3) which 
connects the room temperature values of thermal conductivity ^>o 
and resistivity p^   of many different grades of graphite; in the units 
u?ed in the present investigation the relation is 

(^o wa','ts Per inch OR.)( po  ohm inches) = 0.00I30 watt 
ohms per 0R. 
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we write the element temperature distribution In the form 

TE   f(S) . 0 < ? < I  , (15) 

where f(  > )   is  unspecified except that  f(0)  « 0 = f(l) and 

fmox =  I.     It then follows that 

I.     AE 

moCpQ C 
(f,(0)-f,(i))T p 

max 
(16) 

We now connect the gas total temperature and the element maximum 

temperature by writing 

1max 
\ 

(17) 

where     A depends on     T    and the various non-dimensional  parameters 

of  the system.     It then   follows that 

A-   AE    ' 

mocPo^i 

(f,(0)-f'(l))   |/, 
% 

T } 

and this expression  Is simplified by writing 

(I/a-  I) 

m0cpo {j 

(f,(0)-f,(l)) Ä x 

(18) 

(19) 

so that we have 

w = (l/a -   DT 

(20) 
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ST-TS 

It may be remarked that the quantity         a is related to 

the efficiency of the heating system      J\     which  is defined as the 

ratio of  the heat received by the gas to the energy supplied to the 

element and  is,  therefore, given by 

T) = H/X (21) 

Since the external energy balance gives thv? relation 

A. = p, + v 

(22) 

It  follows  from equations  (21),   (22),   (10)  and  (20)  that   ^     and     o( 

are connected by 

I   +   IfT 
Tl=      j 7 ^3) 

I + k T + (l/a -  I)  (I + T)* 

If Tl0 denotes the limiting value of 7) in the cold flow, 

follows that 

T^o a "^ 
(24) 

so that the  initial value of      a       is the  initial efficiency of the 

system. 

For subsequent  use, the most convenient expression of  the 

external  energy balance   is 

X = p, + (l/a -  I) T (25) 

-  9 



It  Is recalled that  for a given gas  \x       depends on  T     only;  a 

is regarded as a quantity which depends on      T     and on the non- 

dimensional  parameters of the system. 

2.3   Relation between gas total temperature and current 

The  independent variable     ?C        defined by equation (I) 

is connected with the quantity    \ by the relation 

X    = ßX 
(26) 

where   ß     is given by 

ß   = ~ ; (27) 
ro 

ß     is regarded as a quantity which depends on     T     and the non- 

dimensional  parameters of the system.    The form of   ß       may be obtained 

from the relations  (15) and  (17) used  in expressing the required 

features of the solution of the internal  flow problem.     If the 

resistivity of the element material  at room temperature  Is denoted 

by      p0, and the variation of the resistivity     p       Is written   in 

the form 

p/po = 9(   T.-)   , (28) 

then  it  follows,  since the area of the element  is constant, that 

ro'     PJLL     , (29) 
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r  =    -" i      g(  T E)dx      . (30) 
AE       j 

Hence, by using equations  (15) and  (17), we have 

ß =     /      9 (T/Xf(?)   )   d§ . (31) 
o 

By combining equations  (25) and  (26)   we obtain the form of  the 

required relationship between      "    and    ri     ; 

X   =  |/ß [p, + (j/a -  I)  T ] (32) 

where, for the idealised system considered,  a  and  ß  are given 

by equations (19) and (31), respectively. 

- I I 



3. ANALYSIS OF EXPERIMENfTAL RESULTS 

3.1 Differences between Idealised and actual heating systems 

Element material 

The idealised material Is pure and impermeable, and has 

known physical properties. The graphites used in the present tests 

were neither pure nor impermeable, and their physical properties were 

not known accurately enough quantitatively to be usable in calculating 

heater performance. The purity of the graphite depended on the grade; 

some grades contained noticeable amounts of heterogenous ash in addi- 

tion to the carbon compounds ordinarily present In commercial graphites. 

The permeability of the graphite also depended on the grade. There is 

a further complication In the fact that the purity, porosity and 

physical properties of the graphites varied slightly from piece to 

piece within the same grade. 

Element geometry 

By comparison with the simple cylindrical tube considered as 

the idealised heating element, the actual elements had very complicated 

geometries. The cross-sectional area of the solid part of the element 

was not constant along the entire length because of the special shapes 

used for the end contacts. The area of the gas passage was constant 

over most of the element length, but variations occurred near the 

entrance and exit. The passage was not straight-through but in the 

form of a spiral, and It was rectangular and not circular in cross- 

section. It is, therefore, difficult to relate such a geometrical 

shape to a simple tube. Undoubtedly, the formulae deduced for the 

conduction losses from the Idealised element and the resistance of 

the idealised element are not applicable to the actual element. 

- 12 - 
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Gas 

The  idealised gas   is pure and   inert and thermally-perfect. 

The actual  gas was nominally pure but nevertheless   it  cor.tained small 

properties of other substances and these  impurities  rendered   it not 

inert to reaction with  graphite.    Three brands of nitrogen,  of  increas- 

ing purity, were used during the tests reported here.     It must be 

remarked also that nitrogen   itself  is only approximately thermally- 

perfect at the highest pressures   involved   in the tests.     In addition, 

occasionally the gas   in the actual  system was contaminated with 

extraneous ^substances. 

Cold flow 

On the whole, the cold flow of gas was controlled as 

accurately as was desired, except that a slight drop in gas total 

temperature during a run was possible. There was not likely to have 

been any erosion of the gas passage. The measured value of mass flow 

was subject, however, to the accuracy of the calibration of the flow 

meter, and in the present tests the flow meter was modified once in 

order to facilitate the measurement of the cold mass flow. Unfortun- 

ately, it was not possible to measure all the cold flow parameters 

Involved in the theory, because the cold resistance of the element 

was sometimes obscured by the contact resistances at the ends. 

Hot flow 

The end conditions on the gas total   temperature and element 

temperature  Is assumed   in the   idealised system were probably not 

precisely reproduced   in the actual  system because the cooling system 

applied to the ends of the element and to the orifice may not have 
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been sufficiently effective to reduce the temperatures there to exactly 

room temperature. Also, the radiation shield used in the tests was not 

likely to have been perfectly efficient in eliminating all radiation 

losses. The element was effectively a purely resistive load. 

3.2 Procedure for analysis of results 

The principle of the analysis procedure is as follows: From 

the measurements of the current and the gas total temperature (the 

latter obtained indirectly from the mass flow) and the cold flow 

parameters it is possible to calculate '^ and  T ,  and to make 

a plot of experimental  T against experimental K.    . We would like 

to compare with the experimental points a smooth theoretical curve, 

such as that given by equation (32) for the idealised heating system. 

However, the theoretical treatment of the idealised system itself is 

very incomplete, and when cognizance is taken of the differences 

between the actual and idealised systems, it is clear that the fore- 

going theoretical considerations can serve only as a guide to the 

analysis of the present experimental results. We consider that the 

effect on equation (32) of the differences between the actual and 

idealised system is to alter. In a possibly drastic manner, the 

expressions (19) and (31) for the quantities   a and ß 

respectively in terms of T and the cold flow parameters, and also 

to Iimit, because of premature element failure, the range of applica- 

bility of this equation. However, we assert that the form of 
i 

equation (32) still holds for the actual system. We note that it is 

possible to obtain experimental values of a and  ß by measuring 

the voltage v across the element for each current setting: firstly, 

^    may be calculated from 

- 14 - 



X = 
IV 

mocPoTo 
(33) 

and then o  is given by the formula, obtained from equation (25), 

u 

I ^ 1- 
! 

ft 

secondly. r is cal culated from 

(34) 

r = (35) 

and then  ß   may be obtained from equation (27), namely 

ß   = r/r.. The aim of the analysis then becomes to examine the 

experimental values of the values of the quantities a and ß 

for evidence of consistency and particular significance which may 

lead to the formulation of an empirical relation connecting *?■ 

and  T . 

In fact, in analysing the present results, the procedure 

cannot be carried out precisely as described because It was not 

possible to measure r0 accurately enough in the cold flow, and 

therefore, It Is not Immediately possible to calculate ?C and ß . 

In order to deduce r0, an auxiliary analysis is made of the values 

of the element resistance r. We assume that the variation of ß 

with  T  can be represented by an equation of the form 

ß = (I + T)"^ (I + ar + bx 3/2) (36) 

- 15 - 



so that the resistance is given by 

r = r0 ( I + T)"^ (I + ar + br 3/2)  , (37) 

From a plot of r against T , it is possible to estimate the minimum 

resistance rmj obtained during a run, and we define the quantity f 

by 

♦ = <I+T)i r/rmin (38) 

It follows that our assumed form for ^r   is 

♦ - r0/rmin (| +aT +bT 
3/2)   . (39) 

The quantity  ijr can be calculated for each current setting and the 

values plotted against T  . A smooth curve is drawn between the ex- 

perimental points, so as to cover the range I < T < 4; let 

t |^ ^2»     ^3 be "*'he va,ues 0^ ^     on +he curve at T. = I, 

T„ = 9/4, T_ = 4; then it follows that rv/r .  is given by 2       3 o mi n 

ro/rmin = l/l3 (36 t, " 32 i,2 + 9     ifj ,        (40) 

and hence r can be found.  It may be noted also that a and b are 

given in terms of   ♦ ■ ^   t? and   ^3 by 

8 ro/rmin =  " l/l3 (37 *! -56 +2 + l9 ^5)       ' (4I) 

b ro/rmin = l/l3 (l4 ti - 24 t2 + '0 *J     >       .        (42) 

so that this method of extrapolating the resistance measurements to 

find r also yields the coefficients in the assumed form (36) for ß. 

- 16 - 



5.3  Some selected results 

Lists of the elements tested in the three phases of the 

present investigation are given in Sections A.I, A.2 and A.3 of the 

Appendix. The lists include information on the values taken by the 

basic cold flow parameters; the parameter ^0)  not previously 

defined, is a measure of the drop of total pressure down an element 

in the cold flow, and is regarded as an indication of the internal 

geometry of the element. The analysis of The results of only a few 

tests is presented here. The reasons for the exclusion of the 

results of the other tests are given in Section A.4 of the Appendix. 

It may be remarked that the omitted results are not in any way in- 

consistent with those presented, which are selected for convenience 

and clarity. 

Results for a 

Figure 2 shows the variation of a with T for Heater I, which 

was tested without a radiation shield.  It is noticeable that a 

decreases with increase of T, thus indicating an increase In heat 

loss with increase of temperature which is consistent with the 

existence of/radiation losses at higher temperatures. 

Figure 3 shows the variation of a with T for Heaters 9, 10 

and M, all of which were of nearly identical geometry (Regular) and 

material (NT0005) and which were tested in the presence of a radiation 

shield.  These results show repeatability between different runs of the 

same heater, near-constancy of a for each heater, and repeatability 

between different heaters. The repeatability of the results is 

gratifying but is to be expected in comparable tests. The near- 

constancy of a is of a more surprising nature, since there is no 

- 17 - 



obvious reason why a should be  independent of T» The trend  for 

small  T    is obscured by the scatter, which   is of the magnitude to 

be expected from the errors  involved   in calculating a> which may be 

shown to become   infinite as T —^0 when there   is an error   in mass 

flow measurement.    The tendency of a    to  increase for T > 5  is an 

indication of the  failure of the element   leading to partial  blocking 

of the orifice and a consequent erroneous measurement of mass  flow. 

Figure 4 shows the variation of a with  T for Heaters   12,   13, 

14 and  15, which were of nearly  identical   geometry (Regular)   but of 

various materials (12: NT0005;   13,   14: A.T.J.;   15: RT0003).    These 

results show moderately good repeatability between Heater   12 and the 

mean value  for Heaters 9,   10 and   II, and between Heaters   13 and   14, 

but there   is an unexplained discrepancy between the results of the two 

runs of Heaters   15.     It  is noticeable again,  however, that a is nearly 

independent of  T  in each run.    Failure of the elements occurred at 

lower temperatures than for Heaters 9,   10 and   II. 

Figure 5 shows the variation of awith T for Heaters   16 

and  17, which were of nearly  identical  geometry (Short)   but of 

different materials  (16: RT0004;   17:  RT0003).    Repeatability between 

the two runs of Heater  16  is good, and the results for Heater   17 are 

quite close to those for Heater   16.    Again, a is roughly  independent 

of T.    These short elements appear to  fail  at higher temperatures than 

the corresponding regular elements.     It   is somewhat surprising,  since a 

is a measure of the efficiency of the system, that the mean value of a 

for the  short elements  is so near to the mean value of a for the 

corresponding regular elements. 
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Resu Its for ß 

Figure 6 shows the variation of p with T for Heaters 9,   10 

and II. The values of r0 listed in the Appendix were obtained by per- 

forming the auxiliary analysis described in the previous section. This 

analysis gave r0/rmjn = 1.72 for all the heaters. Also, it followed 

that a = 0, b = 0.0385, and the curve for ß from equation (36) is also 

shown in this figure. Repeatability between tests is seen to be quite 

satisfactory. 

Variation of T with K 

Figure 7 shows the variation of T with &   for Heaters 9,   10 

and II. The values of AC were calculated usi ng the values of r0 

deduced from the auxiliary analysis. The analytical curve shown was 

obtained by taking the mean value a = 0.8 (from Figure 3) and the 

analytical curve for ß (see Figure 6) and substituting in equation (32) 

The scatter at the higher values of "  indicates that the elements 

were failing when the measurements were being taken. 
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4.     EMPIRICAL CORRELATION OF HEATER PERFORMANCE 

The  foregoing analysis  indicates  that,  despite the various 

approximations and assumptions   involved   in  the derivation of heater 

performance,   the experimental  variations of a and ß with T are con- 

sistent and  fairly simple.    By smoothing the results  for a and ß an 

empirical  performance curve for T against     ^    can be calculated.    We 

now make use of the trends suggested by the experimental results to 

calculate hypothetical  performance curves  for   idealised elements con- 

structed of two fairly extreme grades of  graphite  for which the 

resistivities are known.    The hypothetical   cases are so constructed 

that they give a rough comparison with the empirical  performance 

curve given   in  Figure 7  for Heaters 9,   10 and   II   (NT0005 graphite, 

Regular geometry). 

On the basis of the foregoing results, we take a to be 

independent of  T;  we do not assert that this   is   likely to be a 

genuine result  but merely that such an assumption   is   likely to 

give an adequate representation over a fairly wide range of T. 

For comparison with the tests of Heaters  9,   10,  and   II we select 

a = 0.8. 

The two grades of graphite considered are graphitised 

lampblack base and graphitised petroleum coke base.    The values of 

p    and the variations of  p/p   = gCxg)    with   local  temperature  for 

these graphites  (see Reference 4) are shown   in Figure 8; the  form of 

g(Tp)   for   lampblack base graphite can be  fitted with very good 

accuracy by the formula 

g(TE) = (I   + TE)"
i    ; (43) 

- 20 
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a sufficiently simple analytical expression for g(Tr) tor 

petroleum coke base graphite is not available.  In order to 

calculate ß from equation (31), it is assumed that the function 

f(5) involved in equation (15) for the element temperature 

distribution possesses a type of symmetry expressed by 

f(?) = 
cp(5/o-) ) > 

9 

0 < § < cr , 

cr< § < i , 
(44) 

denotes the value of 5 it which f( C ) = f-.,, = I; the where 

function cp(e) sat isf ies cp(0) =0, cp(l) = l^sp'd) =0. Then 

equation (31) for ß reduces to 

ß =  ( g( ^ <p(9) ) dG  , (45) 

which  is  independent of  C    .    We now take,  for simplicity,  for cp(9) 

the specific parabolic form 

9(6)  = 9(2 - 9) (46) 

In this case, equation (45)  can be  integrated analytically for the form 

of g(Tf:)   for   lampblack base graphite as given   in equation  (43),  giving 

the result 

ß = (T/X)'* sin"'   [ (T/X)^  <l   + TAXT^J      ; (47) 

for petroleum coke base graphite the integration is performed 

numerically. 

Next, on the basis of the results of Phase 3 of the present 

investigation, as recorded in Part II of this report (Reference I), 

we assume that X is independent of T. While we have no actual 

21 



measurements of    A     for Heaters 9,   \Q,  and   II,   it appears  from the 

results of Phase 3 that  It  is reasonable to choose    X   - 0.8. 

The forms of ß for the two hypothetical   idealised elements, 

in the case when     X   = 0*8;  ore shown   in Figure 9, where the 

experimentally-based curve for Heaters 9,   10 and   II   is also shown. 

It appears that NT0005 is a material more nearly akin to  lampblack 

base grjphite than to petroleum coke base graphite, especially at   low 

temperatures.     Incidentally,  this   indication   is   in agreement with the 

extrapolated values of r0 deduced for these heaters,  for which a value 

of p    of the magnitude of that  for   lampblack base graphite   is required 

for consistency with the size of the regular element. 

To obtain the corresponding performance curves for the 

hypothetical  elements,   it  is necessary to substitute a = 0.8 and ß 

as given   in  Figure 9  into equation  (32)»    The resultant performance 

curves are shown   in Figure  10.    The chief conclusion to be drawn 

from this  figure   is that the measured performance of Heaters 9,   10 

and  II   is consistent with the empirically-calculated performances 

of the comparable hypothetical  elements.    The temptation to draw 

further  conclusions as to the effects of different grades of 

graphite must be resisted at this stage.    These curves apply only 

to the case when a  is constant and the same for all  the elements, 

and because of the differences   in p  ,  this almost certainly   implies 

different geometries.    However,   it   is possible that the theoretical 

treatment given  here might be extended   in such a way a^. to suggest 

an optimum grade of  graphite,   if such an extension were desired. 
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5.    CONCLUDING REMARKS 

The experiments described   in Part   II  of this report  have 

yielded much   information of the performance of  graphite resistance 

heaters  for  use with nitrogen.     Inevitably,  because of  the 

exploratory nature of most of the experiments,   not all  the results 

obtained are amenable to a detailed comparative analysis.    Conse- 

quently, only those tests for which  the basic conditions were most 

nearly  identical  have been analysed  here.     It has been shown that 

the results of these tests  fit   into a consistent  theoretical  pattern 

which offers promise of  extended application. 
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NOMENCLATURE 

o       coefficient of T in assumed expression for ß 

b       coefficient of T '2 in assumed expression for ß 

Cn      value at room temperature T0 of specific heat of gas 
at constant pressure; 261»7 joules per pound mass 0R. 
for nitrogen at 530oR. 

f(5)     function involved in description of temperature 
distribution along element 

gdv)    function describing variation of resistivity of element 
material with local element temperature 

h|      specific total enthalpy of gas; Joules per pound mass 

ho      specific enthalpy of gas at temperature T0; 
jou les per pound mass 

i       current;ainps 

k       constant used in representation of (h^-h0)/cp T0 
as a function of T^ 0.0185 for nitrogen when 0 

T0 = 530
oR. 

i length of element; inches 

m mass flow of gas; pound mass per second 

m0 cold mass flow of gas; pound mass per second 

p-j. total pressure of gas; pound weight per square Inch 

p-j-      total pressure of gas in cold flow; 
0     pound weight per square inch 

r       resistance oj element; ohms . 

r0      cold resistance of element; ohms 

r .      minimum resistance of element during one run; ohms mm 3      ' 

v       voltage across element; volts 

x       distance along element measured from gas entrance; 
inches 
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Af: cross-sectional area of element, excluding gas 
passage; square inches 

A* area of orifice; square inches 

A*0 area of orifice in cold flow; square inches 

R gas constant for unit mass of gas 

Tf total temperature of gas; 0R. 

T room temperature, value of T+ in cold flow; 0R. 

Tc maximum temperature along element; 0R. 

a       non-dimensional quantity defined such that 
v=  (l/a -I) T 

Q0 thermal conductivity of element material 
at room temperature; watts per inch 0R. 

T)       efficiency of heating system 

7|0      value of T] in cold flow - initial efficiency 
of heating system 

9 dummy variable in cp(9) 

k r0\   /moCpoT0 

\ riZ/moCp^Q 

|A m(h+-h0)/m0CpoT0 

V rate of  heat   loss  from element divided  by m0Cp T0 

? x/l 

p resistivity of element material; ohm inches 

p0 resistivity of element material at room temperature; 
ohm inches 

Ö~ value of |  at which TE = TE 

T (T+-T0)/T0 

TE (TE-T0)/T0 

Tp (Tp  -T0)/Tn tmax     tmax 0  o 
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9(9) function used in expressing special form of f(5) 

X T/TE 

t (I + T)* r/rmin 

ij ratio of pressure drop down element to total pressure 
0 of gas at room temperature 

F factor involved in expression for mass flow 
through a sonic orifice 
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A.3      List of tests  in Phase 3 

Whether 
analysis Nominal     m0 

Heater Element  Element         Run  presented    Pf    lbs. mass 
Number Material Geometry  Gas  Number (see A.4) p.s.i.a. per second 

20   RT0003   Regular    B      I   No (6) 1000 

21 A.T.J.   Regular   B 

22 A.T.J.   Thick     B 

2 No (12) 
3 No (5) 
4 NO (5) 

1 No (7) 
2 No (7) 

1 Ho (7) 
2 No (7) 
3 No (4) 
1 Mo (7) 23 A.T.J.   Short     C 

24 A.T.J.   Short     C      I   No (12) 

Gas B was regular nitrogen with decreased water content 

Gas 0 was super-high purity nitrogen 

0,0222 0.099 
0.0227 0.096 
0.0234 0.100 
0.0240 0o090 
0.02.39 0.057 
0.0241 0.0.58 
0.0246 0.062 
0.0246 0.062 
0.0248 0.034 
0.0246 0.057 
0.026/ 0,0 70 
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A.4      Reasons governing selection of tests  for analysis 

The reasons  for the omission from the analysis of the results 

of certain tests are as  follows: 

(1) Gas total pressure not constant  during run 

(2) Gas total pressure constant but not equal  to   1000 psia 

(3) Pressure drop down cold element  greater,  by more than 
10 percent, than value   in previous run of same element 

(4) Pressure drop down cold element   less, by more than 
JO percent,  than value  in  first  run of same element 

(5) Cold mass flow different,  by more than 5 percent,   from 
value  in  first run of same element 

(6) Fewer than three current settings 

(7) Highest gas total  temperature attained not significantly 
greater than   1500°^ 

(8) Cold mass flow different,  by more than 5 percent,   from 
value  in otherwise comparable tests of other elements 

(9) Severe oil contamination during run 

(10) Pressure drop down cold element particularly high 

(11) Element failed early  in run 

(12) Isolated cases without    comparative results 

Note:    Only one reason  is given  for the elimination  from 
presentation of any one run;  the reason given  is 
simply the first apparent, and many runs could be 
eliminated for other reasons also. 
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